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Abstract

Upgrading biomass derived platform molecules to fuels or chemicals provides a unique 

alternative for the substitution of fossil sources with renewables. Electrochemical reduction 

(ECR) is one of the upgrading technologies, alternative to catalytic reduction, which only 

requires electricity as the energy input, which can be derived from carbon free energy sources. 

Moreover, ECR does not require external addition of hydrogen, as this can be generated in-situ. 

In this work an anion exchange membrane (AEM) electrolyte assembly (MEA) has been tested 

for the efficient reduction of biomass derived molecules, and compared with a cation exchange 

membrane (CEM) MEA. The cathode electrocatalyst has been modified with the addition of 

hydrophobicity and anion exchange ionomers, and incorporated onto an anion exchange 

membrane. Electrochemical experiments were performed with a metal free electrocatalyst in the 

presence and absence of surrogate compounds. The results showed that changes in the catalyst 

formulation can increase the overpotential for the competing hydrogen evolution reaction (HER), 

while significantly enhancing the reduction of the organic molecules. Bulk electrolysis 

experiments demonstrated higher efficiencies for furfural ECR in an AEM-MEA vs. AEM-CEM,

reaching conversions up to 94% at 50 mA cm-2 and in the absence of supporting electrolyte.

Moreover, AEM-MEA was able to facilitate water management during the reduction process and 

contribute to the separation of small carboxylic acids. 

Keywords: Electrochemical reduction, biomass derived platform molecules, furfural, anion 

exchange membrane
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Introduction

Biomass derived fuels and chemicals are a sustainable alternative to those derived from 

petroleum, yet leverage many of their advantages such as energy density, rapid fueling, existing 

infrastructure, mature technology, etc. The substitution of fossil resources requires the 

production of commodity chemicals that can be obtained from the comprehensive processing of 

biomass through three main steps: preprocessing, valorization, and refinement. 

The U.S. Department of Energy (DOE) has defined 12 top biomass derived platform 

molecules (BDPM) that have the greatest potential for chemicals and fuels production (Figure 

1).1, 2  The BDPM building blocks, rather than being supplied by petrochemicals, can be obtained 

after biomass pre-processing through the fractionation and/or deconstruction of the cellulose, 

hemicellulose, and lignin, which are the three major constituents of the lignocellulosic biomass.3-

5 However, as can be seen in Figure 1, there are clear differences between BDPM and the 

petrochemical building blocks.2 These differences come from the nature and composition of the 

original sources, specifically from the large oxygen content present in carbohydrate polymers 

that compose lignocellulosic biomass, in comparison with fossil sources.4

The high concentration of oxygen, carbonyls, and phenolic groups present in the BDPM 

directly translate in poor physicochemical characteristics for their incorporation into the current 

refinery infrastructure. While refinery schemes are based on the fractionation and processing of 

molecules with similar numbers of carbons, which correlate to boiling point, oxygenated 

compounds feature higher boiling points that significantly vary with the degree of oxygenation 

and functional groups rather than number of carbons. On the other hand, lower API gravity 

(higher density) of the oxygenated molecules could impact the economy of the refining industry, 
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in which sales are based on volumetric quantities.6 Therefore, as a first valorization step, BDPM 

should be reduced (hydrogenated and deoxygenated) into molecules that better fit the current

refining industry.

Figure 1. Platform molecules derived from petrochemicals and biomass2

Catalytic hydrotreatment is the most studied and developed technology for the hydrogenation 

and hydrogenolysis of BDPM.5, 7, 8 However, catalytic hydrotreatment requires large amounts of 

hydrogen, normally produced from fossil natural gas, at pressures higher than 81 atm and 

temperatures over 425 °C.9 Because of the high processing conditions, lower stability of the 
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oxygenated compounds, and carbon footprint, a more efficient process that can be operated 

solely on carbon free energy sources should be developed.

Electrochemical reduction (ECR) is one of the technologies that only requires electricity as 

an energy input; therefore, it can be directly supplied by renewable and carbon free energy 

sources, such as solar, wind, and nuclear. Moreover, ECR does not require external addition of 

hydrogen as the electron/proton transfer occurs at the electrode surface.10 These characteristics

make electrochemical processing suitable for distributed applications. ECR also can be 

performed at mild operating conditions of pressure and temperatures.11

Currently, there is a growing research interest in the development of ECR processes, 

electrocatalyst evaluation, reaction pathways, and product distribution for several model 

molecules that include, but are not limited to furfural, acetophenone, guaiacol, phenol,

benzaldehyde, and levulinic acid.12-22

ECR is not a new field, as there is a significant body of work on ECR of various organic 

compounds, which include sugars and unsaturated acids.23 ECR of unsaturated carbons has being 

found to proceed at high current efficiencies.20, 23 On the other hand, reduction of carbonyl bonds 

(C=O) generally proceeds with lower current efficiencies, with most of the cathodic current 

going towards the hydrogen evolution reaction (HER).20 This is mostly related to the lower 

carbon-carbon π bond strength in comparison to the carbon-oxygen bond, which makes the 

double bound saturation thermodynamically more favorable.24 While HER produces a valuable

side product, it is desirable to increase the current (Faradaic) efficiency for ECR of BDPM.

Several approaches have been utilized by researchers in order to improve the efficiencies of 

the ECR process. These include the development of suitable electrocatalysts,22, 25 the control of 
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the electrode polarization by means of applying low current densities below 10 mA cm-2, and/or

the use of co-solvents, such as, methanol, ethanol, and acetonitrile to suppress the HER.16, 17, 19

Although these approaches are valuable to enhance the understanding of reaction mechanisms, 

products, and pathways, their direct contribution towards the development of a feasible scalable 

process is limited. While fundamental understanding of the kinetics and catalytic processes will 

contribute to the enhancement of product selectivity and efficiency, their development cannot be 

isolated from the other phenomena affecting the ECR process. 

Operation at low current densities will require large electrode surface areas at the industrial 

scale, resulting in prohibitively high capital expenses. Use of co-solvents will obligate the 

inclusion of additional separation processes and possible modification of the colligative 

properties of the solutions. However, most of the research has been limited to electrochemical 

configurations in three electrode cells and H-cells, which require the addition of electrolytes.11, 12, 

15, 19

A relatively small body of research has been performed using MEAs, to avoid the addition of 

electrolytes.17, 20, 26 The work is limited to proton exchange membranes where H+
, produced at 

the anode from the oxidation of water and/or H2, is transferred to the cathode through cation

exchange membranes (CEM). Low current efficiencies are reported for the reduction of carbonyl 

groups in contrast with the reduction of unsaturated molecules.23, 24 Moreover, water transfer

from the anode to the cathode, mostly enhanced by electro-osmotic drag, present other issues. 

Water, which is required for membrane function, may cause the dilution of the water soluble 

substrates or phase separation into emulsions such those seen from bio-oil, a complex micro 

emulsion rich in BDPM obtained from the pyrolysis of biomass.4  
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In this paper, anion exchange ionomers (AEI) and an anion exchange membrane (AEM) are 

assessed for the ECR of water soluble BDPM. Thereby, water, instead of electrochemically 

generated hydrogen protons, should serve as hydrogen source for the reduction of BDPMs.

Experimental comparisons are performed against cation exchange ionomers (CEI), and CEM 

based MEA using surrogate molecules without targeting specific products (Figure 2). Furfural, as 

well as a surrogate mixture composed of six different carbonyl and phenolic containing 

molecules, have been used as a model for the reduction of BDPMs.

                

Figure 2. Scheme of CEM and AEM MEAs for the upgrading for BDPM 

It is expected that through the use of AEI and AEM, the HER mechanism will switch from 

acid to alkaline media (reaction R1 to reaction R2), even in low pH electrolytes. This is due to 

the decrease of proton conductivity and generation of higher pH on the cathode surface. The 

addition of hydrophobicity to the electrocatalyst through the inclusion of hydrophobic materials, 

such as polytetrafluoroethylene (PTFE), should contribute to control the mass transfer of water to 

the active sites enhancing the reduction of the organic molecules over the HER. 
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2�� + 2�� → �� 0 � ��. ��� �1

��� + 2�� → �� + 2��� − 0.829 V vs. SHE �2

Carbon based electrocatalysts in the absence of metals were studied at two different scales 

for electrochemical evaluation and bulk electrolysis, respectively.

Materials and methods

Electrocatalyst preparation. Cathode electrocatalyst inks were prepared with Vulcan carbon

XC 72R. 5 wt% Nafion® perfluorinated resin solution (Sigma-Aldrich), and 5 wt % Fumion

prepared from shredded Fumion FAA-3 membranes dissolved in 1-propanol, were used as CEI 

and AEI, respectively. Vulcan carbon and ionomer solution were mixed in butyl acetate for the 

CEI, and 1-propanol for the AEI, and then sonicated for 30 min. After sonication, a 60% PTFE 

suspension in water was added to the catalyst ink formulation when hydrophobicity was desired,

followed by agitation with a stir bar for an additional 30 minutes. The quantities of ionomer 

and/or binder (PTFE) added to the electrocatalyst were estimated to obtain a final electrocatalyst

layer with 80 wt% carbon 20 wt% ionomer/binder. For the evaluation of the cathode 

electrocatalyst, 8µL of the ink solution was dropped on an EG&G glassy carbon (GC) rotating 

disk electrode (RDE), which measured 4 mm in diameter. The ink was air dried for 1 h before 

use. 

Scale-up of the electrocatalyst in MEAs was performed using either Nafion®-117 or 

Fumasep® FAA-3-PK-130 membrane. The cathode catalyst ink was painted on both sides of a 

Toray carbon paper TGP-H-030 (1.602 cm2 for the H-cell electrodes and 10 cm2 for the flow cell 

experiments). Painted carbon electrodes with catalyst loading ca. 3 mg cm-2 were hot pressed
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onto the Nafion® and Fumasep® membranes, and against a Pt plated sinter titanium sheet 

(Anode). 

CEM-MEAs were pressed for 90 seconds at 120 °C and 4.8 mPa of pressure. The AEM-

MEA, prepared with Fumasep® FAA-3-PK-130 previously transformed into the hydroxyl form

in 1 M NaOH for 24 h, was hot pressed for three minutes at 68 °C 4.8 mPa of pressure.  

Electrochemical evaluation. Electrocatalyst evaluation was performed in a three electrode 

undivided cell. The painted GC RDE electrode was the working electrode and a platinum ring 

was used as the auxiliary electrode. Cathode potentials were measured versus a BASI saturated 

Ag/AgCl reference electrode. However, for consistency all the electrode potentials have been

corrected for ohmic resistance and are reported vs. reversible hydrogen electrode (RHE). The 

procedure for potential conversion and compensation is presented in the supporting information.

All the electrochemical analyses, along with the bulk electrolysis, were performed using a 

Solartron 1470E potentiostat. Electrochemical impedance spectroscopy was performed to 

determine the ohmic resistance for the MEAs using a Biologic SP 300 potentiostat.  

A mixture containing 5wt% acetic and 3wt% formic acid in DI water (pH=1.9 and

conductivity of 5.12 mS cm-1) was used as the electrolyte (acid electrolyte). The use of some 

electrolyte is required in the undivided cell configuration to allow ionic conductivity. Although, 

both formic and acetic acid are weak electrolytes, they were considered suitable for this study as 

they are usually co-produced during the hydrolysis of biomass.27 The electrolyte composition 

was chosen based on the typical composition of biomass derived pyrolysis oil.28 Four different 

electrocatalyst formulations were tested: Vulcan carbon-Nafion® (A), Vulcan® carbon-PTFE

(B), Vulcan® carbon-Fumion® (C), and Vulcan® carbon-Fumion®-PTFE (D). Cyclic 
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voltammetry from 0 to -1.5 V vs. Ag/AgCl was performed in the acid electrolyte, in the presence 

and absence of 50 mM of the surrogate.

Furfural was selected as a model surrogate because it is typically obtained from the

deconstruction of lignocellulosic biomass.7 For each one of the electrocatalyst formulations, a

conditioning procedure (20 CV cycles at 10 mV s-1 in the electrolyte solution followed by rinsing 

with DI water under stirring at 2000 rpm) was performed. After electrochemical evaluation with 

furfural, the catalyst with the best performance was tested in a surrogate mixture with different 

carbonyl and oxygenated molecules. The surrogate mixture contained 50 mM of the following: 

furfural, benzaldehyde, phenol, p-methoxythiophenol, acetophenone, and valeraldehyde in the 

acid electrolyte. CV experiments were supplemented with a potential staircase analysis where an

estimation measurement of the current efficiency was obtained.

The electrocatalyst formulation with the best performance was incorporated into an MEA:

using a Nafion®-117 membrane as a CEM, or a Fumasep® FAA-3-PK-130 in the hydroxyl form

as AEM. CV experiments were conducted in the presence and absence of organic surrogates in 

the cathode solution using a customized H-cell based in a cell configuration suggested 

elsewhere.29, 30 For this H-cell the membranes were extended in the lower part of the cell and 

immersed in the acid electrolyte to maintain ionic contact between the cathode and the reference 

electrode located outside of the H-cell. A description of the H-cell setup can be found in the 

supporting information Figure S1. Constant current experiments were performed for the furfural 

solution and the surrogate mixture.

Bulk electrolysis. Flow cell tests were performed using a 10 cm2 MEA prepared with the 

cathode formulation that demonstrated the best performance. The MEA was pressed against two 

titanium flow plates with serpentine channels. The cell was designed and built in-house. Bulk 
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electrolysis tests were performed at 50 mA cm-2 for 0.1 M furfural solutions in acid electrolyte 

and in deionized (DI) water (no electrolyte). Cole Parmer MasterFlex C/L peristaltic pumps were 

used to recirculate the catholyte and anolyte solutions at approximately 10 ml min-1. Qualitative 

analyses were performed to identify the products present in catholyte and anolyte solutions using 

a Shimadzu 2010 Plus gas chromatograph (GC) equipped with a TQ 8040 mass spectrometer and 

a Restek (Bellefonte, PA) Rtx-5 column (30 m, 0.25 mm ID, 0.25 µM df). External calibration 

was performed with standards ranging from 0 to 100 mM of furfural and furfuryl alcohol for 

quantitative analysis.

Results

Electrochemical evaluation. Cyclic voltammetry experiments were performed for the four 

cathode electrocatalyst formulations, A to D, at a scan rate of 10 mV s-1 and under quiescent

conditions in acid electrolyte. The CVs obtained for each of the electrocatalyst formulations, in 

the absence of furfural, were recorded after conditioning (>20 cycles) and are presented in Figure 

3. It can be observed that the addition of PTFE (for hydrophobicity) and the substitution of 

cation exchange ionomers with AEI shifts the onset potential negative for the HER. For example, 

a negative shift in the HER onset potential of ca. 300 mV was observed from the formulation A 

(Nafion®) to the formulation C (Fumasep®). These results indicate that HER overpotential can 

be increased by decreasing the proton conductivity on the electrode composition. It is anticipated 

that a higher pH is generated on the cathode catalyst with the AEI, contributing to the HER onset 

potential negative shift.  
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Figure 3. Cyclic voltammograms of the cathode electrocatalyst formulations in acid 

electrolyte at 10 mV s-1.

Electrochemical tests with the 50 mM furfural solution were performed immediately after 

rinsing the electrodes with DI water. It can be observed in Figure 4 that a cathodic peak ca. -0.65

V vs. RHE appeared for all the electrode formulations, which can be attributed to the ECR of 

furfural. However, by comparing the current potential profiles in the absence and presence of 

furfural, it is clearly observed that the selectivity of furfural reduction over HER increases with 

the addition of hydrophobicity and/or substitution of ion exchange ionomer. An approximation 

of the current contribution of furfural reduction can then be obtained from the difference of the 

peak reduction current, and the background CV (in absence of furfural). For the electrocatalyst

formulation D over 90% of the cathodic current observed at the peak potential (-0.65 V vs. RHE) 

can be attributed to the furfural reduction. This is based on the current difference at the peak 

potential in the presence and absence of furfural.
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Figure 4. Cyclic voltammograms of the cathode electrocatalyst formulations in presence 

and absence of 50 mM furfural in acid electrolyte at 10 mV s-1. a) formulation A, b) 

formulation B, c) formulation C, and d) formulation D.

The higher pH and/or restricted protic environment generated on the cathode surface should

affect the reduction mechanism of furfural. In a proton rich media, the hydrogen addition is 

determined by acid base equilibria and can occur simultaneously with electron transfer.11, 22, 31

However, at higher pH or proton limited environments, the ECR of the carbonyl group will 

proceed without protonation forming a ketyl radical in a single electron transfer reaction. Thus,

hydrogen addition will proceed using available protons or through the abstraction of hydrogen 

from water or solvent.31

The radical formation mechanisms in acid and alkaline media are discussed in detail by 

Ludvík (2015)31 and depicted in Figure 5. The formed radicals will proceed to further reduce or 
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the form dimers. The stability of the ketyl radical is enhanced by the presence of an aromatic ring 

or olefinic system in the α-position.31

Figure 5. Possible pathways of the first electron transfer process in the electrochemical 
reduction of furfural.

The results shown in Figure 4 support the hypothesis that the modification of the cathode 

formulation can contribute to the control of the hydrogen source, enhancing the selectivity of the 

organic reduction. Formulation D was then selected for further electrochemical analysis. After 

the electrochemical tests with the furfural solution, the electrodes were rinsed with DI water and 

re-tested in the absence of furfural displaying a current potential profile similar to that presented 

in Figure 3.

CVs of the surrogate mixture, and individually for all the surrogates, were performed in a 

quiescent solution using catalyst formulation D. CVs of the individual surrogates are presented in 

Figure S3. Figure 6 shows the first and third CVs for the surrogate mixture. A well-defined

cathodic current, with two separate shoulders ca. -0.65 and -0.85 V vs. RHE, was observed. An

anodic peak ca. 0.3 V vs. RHE was also observed, likely due to the oxidation of reduction 

products from benzaldehyde and acetophenone, as suggested by the individual CVs in Figure S3. 

The comparison of the first and third CV cycle shows a decrease in the reduction current density. 

It is unlikely that the observed decrease in the current density can be attributed to the depletion 
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of reagents due to the relatively low currents. Loss in electrocatalyst activity due to 

electrocatalyst poisoning, presumably caused by intermediates or products adsorbed on the 

catalyst surface, could better explain the decrease in current density. 

Figure 6. CVs of the cathode electrocatalyst formulations D in presence and absence of a 50 mM 

furfural, benzaldehyde, phenol, p-methoxythiophenol, acetophenone, and valeraldehyde in the 

acid electrolyte at 10 mV s-1. Anodic current observed after 0 V vs. RHE shows the oxidation of 

reduction products.

Stepped potential experiments in the surrogate mixture were performed under RDE rotation 

at 1000 rpm from -0.5 to -1.5 V vs. Ag/AgCl (0 to -1 V vs. RHE) with a step of 250 mV and an 

interval time of five minutes. Stepped experiments allowed the evaluation of the electrocatalyst 

formulation under hydrodynamically controlled conditions. A rough estimation of the current 

efficiency for the reduction of the organic molecules can be obtained by calculating the 

percentage of the current density generated by the reduction of the organic molecules, assuming 

the HER current contribution as the base line. Figure 7 shows the current potential profiles for: a) 

the potential step experiments; and b) the estimation of the current efficiency at different 
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electrode polarizations over the base of the HER. Although this experiment does not accurately 

calculate the current distribution towards each one of the possible reactions (ECR vs. HER), the 

current increase observed in the presence of surrogates is directly attributable to the reduction of 

the organic molecules. Therefore, this estimation provides an approximation of the minimum 

amount of current that goes towards ECR vs. HER. The results on Figure 7b also provide 

valuable information regarding the ideal cathode potential operating range. The results are only 

an estimate, as some of the surrogates suppress the HER (Figure S3). A switch in the current 

magnitude, for the acid electrolyte and surrogate mixture, is observed at high potentials. 

Adsorbed intermediates and products formed in the presence of the organic surrogates could be 

causing the suppression of the  HER.15

Figure 7. a) Current a potential profiles for the cathode electrocatalyst formulations D in 
presence and absence of a 50 mM furfural, benzaldehyde, phenol, p-methoxythiophenol, 
acetophenone, and valeraldehyde in the acid electrolyte. b) Minimum percentage of current 
density that can be directly assigned to the ECR of the organic surrogates.
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Fumasep® FAA-3-PK-130 membranes. The MEAs were mounted between the two halves of the 

H-cell as described in Figure S1. The cathode solution contained acid electrolyte, while the 

anode compartment contained only DI water. CVs of the MEAs prepared with the Nafion® and 

-12

-10

-8

-6

-4

-2

0

-1.1

-0.9

-0.7

-0.5

-0.3

-0.1

0 200 400 600 800 1000 1200 1400

C
u

rr
en

t 
d

en
si

ty
 /

m
A

 c
m

-2

E 
/ 

V
 v

s.
 R

H
E

Time / s

1

2

1 - Acid electrolyte
2- Surrogate mixture

a)

-20%

-10%

0%

10%

20%

30%

40%

50%

60%

-1.0-0.8-0.6-0.4-0.2

EC
R

 c
u

rr
en

t 
d

en
si

ty
 %

  

E / V vs. RHE

b)



17

Fumasep® membranes, in the absence of furfural (Figure S3), show that the protons transferred 

through the Nafion® (cation exchange) membrane result in a significantly more positive onset

potential for the HER. When the Nafion® membrane was used, the cathode potential could not 

be increased beyond -0.7 V vs. RHE due to the current limitation of the potentiostat (profuse 

HER). When the Fumasep® membrane was used, a significant negative shift in the HER was 

observed as the mechanism could have changed to HER in alkaline media (Reaction R2). 

Additional ionic resistance attributed to the lower conductivity of the Fumasep® membrane, in 

comparison with the Nafion® membrane, also explain lower current densities for the AEM-

MEA. 

CVs obtained for both cation and anion MEAs, in the presence and absence of furfural, are 

presented in Figure 8. When the Nafion® membrane was used in the presence of furfural, the

HER appeared to be suppressed, possibly due to the adsorption of furfural onto the catalyst;15

whereas with the Fumasep® membrane, a small shoulder was observed ca. -0.7 V vs. RHE, in 

agreement with the results presented in Figure 4. Nevertheless, the distinct furfural reduction 

shoulder is less pronounced.

Figure 8. CVs obtained at 10 mV s-1 in the H-cell for a) Fumasep MEA and b) Nafion MEA in 

presence and absence of 0.05 M furfural. Inset in figure a) zoom in the current potential profile. 
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Constant current experiments were performed with the furfural and surrogate solutions at a 

current density of 100 mA cm-2 for both Nafion® and Fumasep® MEAs in the H-cell. For the 

Nafion® MEA, quantitative analysis of the furfural concentration in the catholyte solution after

eight hours of applied current indicated negligible furfural conversion. No products were 

detected in the furfural catholyte. However, GC-MS qualitative analysis of the catholyte 

surrogate mixture (Figure S5) showed the formation of benzyl alcohol and styrene possibly 

produced after the reduction of acetophenone to phenyl ethanol and subsequent dehydration.

Nevertheless, the significantly low conversions showed that the HER proceeds preferentially as 

the protons are transferred through the membrane directly to the electrocatalyst.

When the Fumasep® MEA was used, furfural reduction proceeded for approximately six 

hours as the cathode potential increased from to -1.2 V vs. RHE to a maximum of -2.1 V vs. 

RHE after 3.7 h. Then the potential stabilized ca. -1.9 V vs. RHE for 2.2 h. The cathode 

potential profile is shown in Figure S6. After 5.9 h a sudden decrease in the cathode potential 

was recorded. This decrease in cathode potential was caused by the oxidation of the Pt coated 

sintered titanium anode to the point that electrical contact was lost, forcing a decrease of the 

current applied by the potentiostat. Due to the fact that the cathode potential was stable during 

the first 5.9 h of operation while the anode was being oxidized, it is possible that the anode 

oxidation could have been caused by anion transfer resistance through the membrane or on the 

anode side. Also, organic molecules could have fouled the membrane, thus avoiding the 

transference of hydroxyl ions. The use of an alkaline solution as anolyte was then proposed as 

alternative to avoid anode oxidation. Regardless of the experiment termination, without

completion, the catholyte volume was reduced from 15 to 5 mL and a furfural conversion of 

95.9% (reacted furfural) was measured. For this experiment, no furfural was detected in the 
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anolyte solution. GC-MS analysis showed hydrofuroin as the main product of the furfural 

reduction. High selectivity of carbon electrodes to hydrofuroin has been previously reported in 

H-Cell configurations (no MEA) using a cation exchange membrane and acetonitrile as 

electrolyte.16 When the surrogate mixture was tested in the Fumasep® MEA, the catholyte 

solution rapidly transferred to the anolyte compartment. Additionally, the membrane showed 

signs of disintegration, which was possibly caused by at least one of the constituents present in 

the surrogate mixture. Due to the aforementioned membrane stability issues, bulk electrolysis 

experiments were narrowed to furfural conversion.

Bulk electrolysis

Experimental reduction tests were performed at constant current (50 mA cm-2 during 30 and 

60 min) in a 10 cm2 flow cell using a Fumasep® MEA prepared with the cathode formulation D. 

On the cathode side 0.1 M furfural solutions was circulated in the presence and absence of acid 

electrolyte, while 1 M KOH was fed to the anode to avoid electrode oxidation. The results in 

Table 1 show that furfural reached nearly complete conversion within the first 30 minutes of 

reaction. Chromatograms of the final products are shown in the supporting information, Figure 

S7. Traces of furfural that were detected in the anolyte did not exceed 0.25% of the initial 

furfural loaded in the system. However, this furfural was also counted to calculate the total 

furfural conversion (�) as shown in Equation 1,

� =
��

���
� ���

�
��

�
���

�
��

�

��
���

� (1)

where V and C are the volume and concentration, subscripts A and C correspond to anolyte and 

catholyte, and superscript i and f are for initial and final, respectively.
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Table 1.  Electrochemical reduction of furfural in anion exchange MEA. Initial solutions 
volumes for anolyte and catholyte were 5 and 10 mL, respectively.

Hydrofuroin along with traces of furoin were identified as the main products from the ECR 

of furfural for both catholyte formulations. GC-MS analysis of unreacted catholyte solutions,

also showed the presence of furoin and hydrofuroin, but in significantly lower amounts. Possible 

combination of chemical and electrochemical reactions as reported by other researchers may be 

occurring.19 Chadderon et al 201711 suggested the simultaneous addition hydrogen and electrons

to generate a hydroxyl radical, which dimerizes to form  hydrofuroin. However, at higher pH or 

in proton restricted environments, the electron transfer mechanism proceeds without the addition 

of protons to form a ketyl radical as shown in Figure 5. The ketyl radical is then hydrogenated to 

form the hydroxyl radical, which dimerizes to hydrofuroin (Figure 9). An alternate but less 

probable route is the radical-radical dimerization among the ketyl and hydroxyl radical to form 

furoin, which can also be reduced to form hydrofuroin.32 2,2'-(1,2-Ethenediyl)difuran was also 

observed, for both catholytes, as product of the dehydration of hydrofuroin.  Although little 

attention has been paid to furfural reduction products beyond furfuryl alcohol and 2-methyl 

furan, C10 products such as furoin and hydrofuroin can be used as intermediates for the 

production of  diesel fuel substitutes.33

Catholyte final Anolyte final  

Cathode 
electrolyte

Time 
min

Charge 
C

pH
Volume 

mL
pH

Furfural 
mM

Volume 
mL

pH
Furfural 

mM
�

5% Acetic/
3% Formic

30 900 1.8 7.3 2.5 5.33 6.2 9.5 0.44 0.96

5% Acetic/
3% Formic

60 1800 1.8 5.3 3.6 5.33 8.9 3.7 0.39 0.97

DI water 30 900 3.1 9.5 12. 5 5.81 4.5 13.3 0.35 0.94

DI water 60 1800 3.1 9.3 13.2 6.31 4.8 13.5 0.44 0.94
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Figure 9. Hydrofuroin formation through electrochemical reduction of furfural 

      Cyclopentanedione and glutaraldehyde were also detected as products in the catholyte with 

acid electrolyte. Although no quantitative analysis was performed, the peak area ratio of 

glutaraldehyde to cyclopentanedione increased from 0.91 to 1.82 for 30 and 60 min of applied 

current, respectively. This suggests that glutaraldehyde could be formed by the reduction of 

cyclopentanedione as presented in Figure 10. No cyclopentanedione or glutaraldehyde were 

observed on the catholyte in the absence of electrolyte. pH has been demonstrated to be a major 

factor in the product selectivity for furfural reduction.19

Figure 10. Glutaraldehyde formation through electrochemical reduction of furfural 

Furfuryl alcohol was another of the products observed, in small quantities, for both catholyte 

formulations. During the first 30 min, the reduction selectivity to furfuryl alcohol was only 
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0.45% for the catholyte with acid electrolyte and 0.97% for the catholyte without electrolyte. The 

same furfuryl alcohol selectivity (0.97%) was obtained for the catholyte solution in absence of 

electrolyte after 60 min of reaction.  

For the catholyte with acid electrolyte, furfuryl alcohol was not detected after 60 min of 

reaction. If formed, the most likely product from the reduction of furfuryl alcohol, 2-methyl 

furan, could have been lost due to its high volatility. Previous work by other researchers have 

showed that a cold trap was needed to capture 2-methyl furan.16, 19 Nevertheless, 5-methyl-2-

furfurylfuran was observed in the catholyte with acid electrolyte after 30 min of reaction, which 

could suggest the polymerization of furfuryl alcohol as another possible reaction.34, 35 Neither 

furfuryl alcohol, nor 5-methyl-2-furfurylfuran were detected in the 60 min reaction experiment. 

However, the formation of a brown color resin on the surface of the tubing used for catholyte 

recirculation could indicate polymerization products. Analysis of the resin was not performed. 

Other peaks were observed on the chromatograms but it was not possible to obtain a good match 

from the MS database.

The results in Table 1 also show changes in the volume and pH of the anolyte and catholyte 

solutions. When acid electrolyte is present in the catholyte, formate and acetate anions are 

transferred through the membrane, rather than hydroxyl ions, causing the decrease of the anolyte 

pH. A significant change in the solution’s volume was observed due the electro-osmotic transfer 

of water from cathode to anode. Thus, anion exchange MEAs can also be used to separate the 

small carboxylic acids present biomass hydrolysates, while concentrating the final product.36 In 

the absence of electrolyte, the pH of the catholyte solution increased to equilibrate with the 

anolyte pH. The significant increase in the catholyte pH confirms the production of hydroxyl 

ions from either the HER or the ECR.
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Cell potential profiles for the 30 and 60 minutes bulk ECR experiments, in the presence and 

absence of electrolyte, are presented in Figure 11. A higher cell potential is observed for the 

experiments performed in the absence of electrolyte. Transfer of small carbonyl acids through 

the membrane significantly contribute to ionic conductivity and to a lower cell potential, which 

explains the increase of cell potentials with time as acetic and formic acids are transferred to the 

anolyte. In the absence of electrolytes, the significant differences among the potential profiles are

observed obtained during the 30 and 60 minute experiments could be attributed to the order in 

which the experiments were performed. Because the 60 minute experiment was first performed 

in the absence of electrolyte, just after the experiments with the acid electrolyte. Traces of 

formate and acetate that could have remained in the system and membrane after cleaning could 

have contributed to the lower cell potential.

The lower cell potentials featured in the presence of acid electrolyte, and the significant pH 

increases observed in the absence of electrolyte for the catholyte solutions, could align with the 

hypothesis that organic molecules can be impeding the transfer of hydroxyl ions. On the other 

hand, these phenomena can also be explained by changes on the membrane and/or ionomer 

functionalization, in which the formate and acetate ions substitute the hydroxyl ions. Thus, a

deep analysis in membrane functionalization and fouling is recommended for future research.
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Figure 11. Cell potential profiles for the bulk reduction of furfural in the presence and 

absence of acid electrolyte

Conclusions

AEMs employed in a MEA configuration were successfully used for the efficient 

reduction of furfural on carbon electrodes and in the absence of electrolyte. High furfural 

conversions (reduction) were achieved using a metal free electrocatalyst, which showed 

preference towards the formation of dimerized furfural products. Although it was not studied in 

this paper, the use of metal supported catalysts is expected to improve the selectivity of the 

reduction reactions to other products. The use of AEI in the cathode along PTFE in the cathode 

formulation allowed a significant increase in the HER overpotential, while enhancing the ECR 

reduction of BDPM.

Although HER will always compete with the ECR regardless of the pH of the electrolyte 

media, the proton concentration on the cathode electrocatalyst and, therefore, the HER can be 

better controlled using AEM-MEA vs. CEM-MEA. When a CEM is used, hydrogen protons 
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transferred through the membrane will readily find the catalyst membrane interface, which is the 

zone with the highest current distribution, enhancing the HER almost exclusively. By using an 

AEM, the source of hydrogen does not come through the membrane, but from protons present in 

solution and/or abstracted from the solvent (i.e. water). Then, the addition of hydrophobicity 

and/or modification of the transport properties of the electrocatalyst can lead to the generation of 

a higher pH and/or restricted protic environment on the cathode surface, which will contribute to

a decrease in the efficiency of hydrogen evolution by limiting the transport of the hydrogen 

source.

As an additional advantage, AEM can contribute to facilitation of water management. As 

the electro-osmotic transfer of water proceeds in the direction of ion transfer, the use of a CEM 

will cause the continuous dilution of the catholyte through the transfer of water from the anode to 

the cathode. However, the opposite scenario is observed with the use of AEM, as presented in 

Table 1.

AEM electrolyzers are shown to be a feasible option for the electrochemical upgrading 

of BDPM. However, membrane stability, conductivity, and resistance to fouling should be 

addressed in order to achieve a feasible implementation for this technology.
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TOC/Abstract

Synopsis 

This paper assesses anion exchange membrane electrolyzers as alternative for the 

electrochemical upgrading of biomass, a sustainable pathway for valorization that can be directly 

fed by carbon free energy sources. 
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